DFT and XPS studies were conducted on a series of nine manganese(III) complexes of the general formula [Mn(b-diketonato) 3 ], with the ligand b-diketonato ¼ dipivaloylmethanato (1), acetylacetonato (2), benzoylacetonato (3), dibenzoylmethanato (4), trifluoroacetylacetonato (5), trifluorothenoylacetonato (6), trifluorofuroylacetonato (7), trifluorobenzoylacetonato (8) 
Introduction
Knowledge of the electronic structure and properties of transition metal complexes is important, due to their role in a variety of chemical and biological processes. High spin manganese(III) complexes have various applications, for example as building blocks in molecular magnets, 1-8 catalysis, 9-14 redox mediators in dye-sensitised solar cells, 15, 16 and in biochemical reaction cycles. [17] [18] [19] [20] [21] Due to the four unpaired d electrons of high spin Mn(III) complexes, their geometry displays the Jahn-Teller effect and also the X-ray photoelectron spectroscopy (XPS) lines of these complexes split into many peaks, due to a coupling interaction between the unpaired core p-electrons (originating aer photoemission) and the unpaired valence d-electrons. 22 Recently an X-ray photoelectron spectroscopy study on [Mn III (ferrocenyl-bdiketonato) 3 ] complexes, where the b-diketonato ligand contained at least one ferrocenyl group, 23 showed that a chargetransfer process from the b-diketonato ligand to the Mn(III) metal centre is responsible for prominent shake-up satellite peaks of the main Mn 2p photoelectron lines. These results further showed that the binding energies of the Mn 2p photoelectron lines are linearly inuenced by the sum of the Gordy scale group electronegativities 24 of the different R groups attached to the b-diketonato ligands (RCOCHCOFc) complexes, where the b-diketonato ligand does not contain an electron donating ferrocenyl group, we hereby enlarge the range of binding energies of the Mn 2p photoelectron lines by nearly 100%, to a range of 1.07 eV. Thus, in continuation of our interest in the geometrical 25, 26 and electronic structure 27 of [Mn(b-diketonato) 3 ] complexes containing b-diketonato ligands with different electrondonating and -withdrawing properties, we hereby present a combined study of theoretical quantum chemistry calculations (using density functional theory, DFT) and experimental measurements (using XPS) on the series of nine non-ferrocene-containing [Mn(bdiketonato) 3 ] complexes shown in Fig. 1 (with b-diketonato ¼ dipivaloylmethanato (1), acetylacetonato (2), benzoylacetonato (3) , dibenzoylmethanato (4), triuoroacetylacetonato (5), triuorothenoylacetonato (6), triuorofuroylacetonato (7), triuorobenzoylacetonato (8) and hexauoroacetylacetonato (9)). Results are also compared with previously published results 23 on [Mn III (ferrocenyl-b-diketonato) 3 ] complexes.
Results and discussion
The spectra obtained by X-ray photoelectron spectroscopy (XPS) of 3d transition metal complexes containing unpaired d electrons, frequently contain a variety of several features which arise from the electronic structure of the material. [Mn(b-diketonato) 3 ] complexes are high-spin paramagnetic octahedral complexes, with a d-electron occupation of (t 2g ) 3 (e g ) 3 ] complexes occurs in order to remove the degeneracy, with a consequent lowering in symmetry and energy. 29 Elongation Jahn-Teller distortion in [Mn(b-diketonato) 3 ] complexes is characterised by two long bonds along the z-direction, as well as four short bonds in the xy-plane, and a d-electron occupation of d characterised by two short bonds along the z-direction, as well as four long bonds in the xy-plane, and a d-electron occupation of d 3 ] complexes, are illustrated in Fig. 2(a) Fig. 2(d) . 26 
XPS study
X-ray photoelectron spectroscopy (XPS) is a convenient characterisation technique to study the chemical and oxidation states of the elements present in a sample. 36 The binding energy position, shape and intensity of a photoelectron line can additionally provide a wealth of information regarding the magnetic character, 37 electronic properties 38, 39 and metal-ligand bond of the elements under investigation.
40-42
The XPS of complexes 1-9 in this study all displayed the Mn 2p (641-652 eV), C 1s (ca. 284.5 eV) and O 1s (ca. 528.8 eV) photoelectron lines, while the XPS of the ve uorine-containing complexes 5-9 also showed the F 1s photoelectron line (main line at ca. 688.5 eV; satellite line at ca. 684.9 eV) and complex 6 displayed the S 2p photoelectron lines (main line at ca. 164.7 eV; satellite at ca. 161.2 eV). The Mn 2p region of the XPS spectra of these non-ferrocene containing [Mn III (bdiketonato) 3 ] complexes 1-9 of this study, is shown in Fig. 3 , with selected data tabulated in Table 2 . The Mn 2p 3/2 and Mn 
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(ii) A higher pass energy allows for a larger number of electrons to reach the detector, but the energy determination becomes less precise, causing the FWHM to increase. In this study a large pass energy had to be used in order to obtain well dened peaks (the same pass energy of 93.90 eV was used for all the complexes in the Mn 2p region), which contributed to the higher FWHM. For example, the FWHM of elemental Mn 0 is 1.14 eV at 25 eV pass energy, 0.79 eV at 20 eV pass energy and 0.74 eV at 10 eV pass energy, 50 therefore obtaining smaller FWHM values with decreasing pass energy.
(iii) The larger than expected FWHM value is also an indication of more than one species most probably being present in the sample, namely the fac as well as different bond stretch mer isomers, as discussed in the previous section.
(iv) The large FWHM value could also be attributed to nal state effects, such as the coupling of the angular momenta of the unpaired electrons of the core level aer photoionisation, with one of the four unpaired 3d electrons of high-spin Mn III of the outer orbitals (causing multiplet splitting), as well as crystal eld-and electrostatic interactions. 51, 52 Multiplet splitting is discussed in a separate section below. 3 ] complexes 1-9. It is known that for a xed oxidation state, the binding energy of a metal-electron increases as the electronegativity of the ligand attached to the metal increases.
53 For b-diketones and metal-bdiketonato complexes, the electronegativity of the b-diketonato ligands can conveniently be expressed in terms of Sc R , which is the sum of the Gordy scale group electronegativities, 24 
and including this data in the linear t of BE Mn 2p 3/2 with Sc R , it was found that the above equation stays basically the same, within experimental accuracy (see Fig. 4A ), namely:
This result illustrates that the above equation can be used to a high degree of accuracy, to also determine the binding energy of related [Mn(b-diketonato) 3 ] complexes, if the electronegativity c R of the groups attached to the b-diketonato ligands (RCOCHCOR 0 ) À , is known. 
The Binding energies at the maximum binding energy (BE) of the Mn 2p 3/2 photoelectron lines, the spin orbit splitting of maximum binding energies of the Mn 2p photoelectron lines (DBE 1 ), the binding energy of the satellite Mn 2p 3/2 photoelectron line (BE Mn 2p 3/2sat ), as well as the peak separations between main Mn 2p 3/2 and the satellite Mn 2p 3/2 photoelectron lines (DBE 2 ), the ratio area % between main Mn 2p 3/2 and the satellite Mn 2p 3/2 photoelectron lines (I ratio ). The binding energies of the maximum binding energy (BE) of the main and satellite F 1s photoelectron lines, as well as the ratio area % between main F 1s and the satellite F 1s, I ratio 3/2main ).
e The R-groups of the ligands of the complex are equivalent, hence the complex does not show mer and fac isomers.
f The R-groups of the ligands of the complexes do not contain F. g I ratio ¼ ratio between the intensities of the satellite and main F 1s photoelectron lines ¼ (I F 1s sat )/(I F 1s main ). 
Spin
-orbit splitting. Another important feature of the Mn 2p XPS peaks, is the difference between the maximum binding
62-64
Spin-orbit splitting is an initial state effect, and the magnitude of the separation is dependent on the degree of spin density delocalisation of the electrons in the valence orbitals. [65] [66] [67] Thus it is expected that a more electron withdrawing group (with a higher degree of spin density delocalisation) would be associated with a larger spin-orbit splitting. The correlation between the sum of the Gordy group electronegativities (Sc R ) and the spin-orbit splitting (DBE 1 ) between the Mn 2p 3/2 and Mn 2p 1/2 photoelectron lines (see Fig. 4B ), is in agreement with the above.
It was found that the spin-orbit splitting DBE 1 of the main Mn 2p 3/2 and 2p 1/2 peaks for complexes 1-9, increases linearly as Sc R increases (see Fig. 4B ): 3 ] complexes, does not inuence the binding energies of the Mn 2p XPS peaks any more than merely the normal effect expected from the electronegativity of the ferrocenyl group.
2.2.3 Shake-up Mn 2p satellite peaks. In addition to the main photoelectron lines displayed by the XPS of complexes containing high-spin metals, satellite structures are oen observed. These structures are due to nal state effects. They are observed either as shake-up peaks at higher binding energies than the main photoelectron line, or as shake-down peaks at lower binding energies than the main photoelectron line. The position and intensity of these satellite structures both are dependent on the ability of the electron hole that has been created due to photoemission, to be stabilised by the electronic structure of the surrounding environment of the complex. This ability is related to the intrinsic properties of the complex. Published results show that there is a link between the intensity of these shake-up or shake-down satellite peaks and the magnetic moment, m, 68 as well as the spin density of the corresponding complex.
69
As mentioned earlier and shown in Fig. 3 , the Mn 2p 3/2 shake-up satellite peak is located at ca. 4 eV higher binding energy than the main Mn 2p 3/2 peak (see also columns 4 and 6 in Table 2 ). It previously has been shown for paramagnetic Cu(II) complexes, that the intensity of the satellite peak in comparison with the main metal M 2p 3/2 peak, namely I ratio ¼ (I M 2p 3/2sat )/ (I M 2p 3/2main ), increases (non-linearly) as the spin density of the ligands attached to the Cu metal increases. 69 In this study it has been found however, that the ratio of the intensity of the satellite peak towards the main Mn 2p 3/2 peak, I ratio ¼ (I Mn 2p 3/2sat )/(I Mn 2p 3/2main ), is inversely proportional to Sc R , which is a measure of the electronegativity of the different ligands. This "opposite" trend will be explained below.
Satellite peaks are generally caused by one of two phenomena. In the rst instance, shake-up peaks commonly observed for paramagnetic transition metals occur, when the kinetic energy of the emitted photoelectron is being reduced due to energy transfer to a non-photoelectron of the same element (causing the non-photoelectron to be in an exited state), which leads to a "shake-up" peak at a higher binding energy than the main line. 70 On the other hand, shake-up peaks also occur due to a strong conguration interaction in the nal state, involving signicant ligand-to-metal charge transfer instead (for example in Ni(II) and Co(II)), which results in an "extra" 3d electron, compared with the initial state. 71 The excited energy transfer satellite mechanism in the rst instance dominates over the latter charge-transfer satellite mechanism, when rstly the difference between the maximum binding energies of the satellite and the main metal peaks is large (namely the charge transfer energy, DBE 2 ), when secondly the core-hole-d-electron Coulomb attraction energy is small, and thirdly when there are many empty 3d orbitals. 72 However, for the d 4 complexes 1-9 in this study, with as many as 6 empty 3d orbitals each, the observed shake-up peaks can best be interpreted in terms of the latter instance, namely a ligand-to-metal charge transfer during photoionisation, since DBE 2 is only a small value (less than 5 eV). Also, in the F-containing [Mn III (b-diketonato) 3 ] complexes 5-9, the corresponding shake-down peaks are observed for the main F 1s photoelectron line, as well as for the main S 2p line of the Scontaining complex 6 (see Section 2.2.4 below). Comparable shake-down satellites were reported in a previous study, for the photoelectron lines associated with the Fe 2p electrons of the Fecontaining ligand, for related [Mn III (ferrocenyl-b-diketonato) 3 ] complexes. 23 In addition, the latter charge transfer model also accounts quantitatively for the observed intensities of the 3/2main ). Data of complexes 1-9 from this study is shown in blue (from Table 2 ) and data of complexes 10-14 from a previous study in red (from ref. 23 ).
satellites to the main peaks (I ratio ), 72 as was found in this study for complexes 1-9. 45 Ligandto-metal charge transfer during photoionisation, therefore leads to a change in spin density. As more charge is transferred from the ligand to the metal (leading to the "extra" 3d electron during photoionisation), the larger the satellite charge transfer peak (shake-up peak) of the metal becomes. The inversely proportional relationship observed between Sc R and I ratio (Fig. 5B) 2.2.4 Shake-down F 1s and S 2p satellite peaks. Detail of the spectral deconvolution of the F 1s photoelectron line, present in the XPS of the ve CF 3 -containing complexes 5-9, is shown in Fig. 3 . Similarly to the Mn 2p photoelectron lines, the binding energy position of the F 1s photoelectron line, is also inuenced by the sum of the Gordy scale group electronegativities, Sc R , of the R-groups attached to the b-diketonato ligand. Again, (as in Fig. 4A for the main Mn 2p 3/2 photoelectron line), as the electronegativity of the ligands, Sc R , increases, the binding energy (BE F 1s ) of the F 1s photoelectron line also increases, see Fig. 6A . The linear relationship obtained between the binding energy of the main F 1s photoelectron line (BE F 1s main ), and the sum of the electronegativity of the different R groups, Sc R , of the ve uorine-containing complexes in this study, 5-9, can be tted by the following linear equation: The substructure of the F 1s photoelectron lines displays a strong shake-down satellite peak, ca. 3.7 eV lower than the main F 1s photoelectron line. This shake-down peak of the main F 1s photoelectron line is associated with the corresponding shake-up peak of the Mn 2p photoelectron, which depicts the ligand-to-metal charge transfer during photoionisation. The shake-down peak of the F 1s photoelectron line can be considered representative of some of the charge transfer from the F-containing ligand to the Mn metal.
The I ratio of the F 1s peaks (I ratio ¼ (I F 1s sat )/(I F 1s main )) is a measure of the amount of charge transferred from the CF 3 -containing ligand to the Mn metal of these ve complexes 5-9. The intensity ratio, and thus the amount of charge transferred from the uorine-containing ligand to the Mn metal decreases, as the electronegativity of the CF 3 -containing ligand (Sc R ) increases (see Fig. 6B ). This inversely proportional linear relationship obtained between the I ratio of the satellite to the main F 1s peaks with electronegativity Sc R , ts the following equation (see Fig. 5B ):
I ratio ¼ À0.0798 Sc R + 1.674; R 2 ¼ 0.989 (for the F-containing complexes 5-9) Fig. 5 Relationship between Sc R , the sum of the Gordy scale group electronegativities of the R-groups on the b-diketonato ligand, of complexes 1-14, with (A) the charge transfer energy (DBE 2 ), namely the difference between the maximum binding energy of the main Mn 2p 3/2 photoelectron line and the satellite Mn 2p 3/2 photoelectron line (DBE 2 ¼ BE Mn 2p 3/2sat À BE Mn 2p 3/2main ), as well as with (B) the intensity ratio (I ratio ) of the satellite to the main Mn 2p 3/2 photoelectron lines, I ratio ¼ (I Mn 2p 3/2sat )/(I Mn 2p 3/2main ). Data of complexes 1-9 from this study is shown in blue (from Table 2 ) and data of complexes 10-14 from literature in red (from ref. 23 ).
Fig. 6
Relationship between Sc R , the sum of the Gordy scale group electronegativities of the R-groups on the b-diketonato ligand, of the five CF 3 -containing complexes 5-9, with (A) the maximum binding energy (BE F 1s main ) of the main F 1s photoelectron line, as well as with (B) the intensity ratio (I ratio ) of the satellite and main F 1s photoelectron lines, I ratio ¼ (I F 1s satel )/(I F 1s main ). Data from Table 2 .
The above result implies that the symmetrically substituted ligands in complex 9, containing as much as six strongly electron withdrawing CF 3 groups, will subsequently transfer even less charge to the Mn metal in complex 9, than in complexes 5-8, which each contain only three electron withdrawing CF 3 groups. This observed result agrees with the lowest amount of charge "received" by Mn in complex 9 (Fig. 5B) , as given by I ratio ¼ (I Mn 2p 3/2sat )/(I Mn 2p 3/2main ) ¼ 0.05 (see the point farthest to the right in Fig. 5B) .
The observed ligand-to-metal charge transfer during photoionisation, occurs from the b-diketonato ligands to Mn. Therefore charge is also transferred from the other atoms on the b-diketonato ligand to the Mn metal. For example, in complex 6, containing sulphur in the groups substituted on the ligand, the main S 2 p 3/2 peak at 164.8 eV also exhibits a shake-down charge transfer satellite peak at 161.5 eV, with a spin-orbit splitting (DBE 1 ) of 3.3 eV, as seen in Fig. 3 . It however was not possible to also identify the satellite peaks associated with the C and O lines in complexes 1-9, due to the presence of adventitious C and O.
2.2.5 Fitting of fac and mer isomers. As mentioned previously, the large FWHM (full width at half maximum) obtained for the Mn 2p spectral lines, could be an indication that more than one species is present in the sample. The FWHM obtained for the unsymmetrically substituted complexes 3, 5-8, for which both fac and mer isomers are possible, is slightly larger (namely 4.9, 5.3, 6.2, 5.1 and 4.7 eV respectively) than the FWHM obtained for complexes 1, 2, 4 and 9 (3.9, 4.4, 4.5 and 5.1 eV respectively), containing symmetrically substituted b-diketonato ligands. Two peaks, one for the three mer bond stretch isomers and one for the fac isomer, can successfully be tted into the original Mn 2p peak. The tting of these simulated peaks into the original Mn 2p peak, results in a much smaller FWHM for the unsymmetrical complexes 3, 5-8 (of 3.8, 4.1, 4.7, 3.9 and 3.6 eV respectively). These tted values are then comparable to the original FWHM obtained for the symmetrical complexes 1, 2, 4 and 9 (in the range of 3.9-5.1 eV). See Fig. 7 , which depicts the tting of complex 3, as an example of the unsymmetrical complexes. Additionally, the CHI squared value (indicating the goodness of t) decreased, when two main peaks instead of one were tted for the unsymmetrical complexes 3, 5-8. For example, for complex 3, CHI squared decreased from 1.6 to 1.5 when tting two main peaks, thereby accommodating both the fac and the mer isomers. The DFT calculations in Section 2.1.1 above, showed that the fac isomer is generally less stable than the mer isomer, and also that three mer bond stretch isomers are possible for unsymmetrical complexes 3, 5-8. Since the statistical distribution between the three different mer bond stretch isomers and the one fac isomer is 3 : 1, the two Gaussian peaks were tted in a ratio of 3 : 1 into the original Mn 2p peaks for the unsymmetrical complexes 3, 5-8. The Mn(III) b-diketonato complexes containing unsymmetrically substituted b-diketonato ligands (3, (5) (6) (7) (8) , were further simulated to have two Mn main 2p 3/2 peaks, as well as two satellite peaks; one satellite structure is associated with the three more stable mer bond stretch isomers (at lower energy) and the other satellite peak with the less stable fac isomer (at higher energy). The difference in binding energy between the mer and the fac isomers is ca. 0.01 eV.
The mer and fac simulation of complex 3 is shown in Fig. 7 , as an example for the other unsymmetrical complexes.
However, the FWHM obtained above is still larger than expected. A more accurate tting of the peaks due to additional multiplet splitting, commonly observed in high spin paramagnetic complexes, is therefore needed.
2.2.6 Multiplet splitting. Interaction between an unpaired 2p electron (originating aer photoemission) and an unpaired 3d electron, which alignes anti-parallel to the unpaired 2p electron, causes additional splitting of the original Mn 2p photoelectron lines (also contributing to the increased FWHM) of complexes 1-9. 50 The photoelectron lines of the Mn 2p presented in this study, are therefore even more complex than described thus far, because of the additional effect of multiplet splitting.
75, 76 Gupta and Sen 51, 52 theoretically calculated the splitting of the 2p peaks of a high-spin free Mn 3+ ion, to be in a ratio area percentage of 1 : 1 : 1.35 : 0.7 : 0.3 for the ve splitted 2p peaks. Fig. 8 shows a simulation of the theoretical multiplet splitting ratio as calculated by Gupta and Sen, 51,52 simulated for both complex 2 (representative of complexes 1, 2, 4 and 9 with symmetric ligands), as well as for complex 3 (representative of complexes 3, 5-8 with unsymmetric ligands, in this case tting both the fac and mer isomers). These multiplet splitting peaks consist of ve components (labelled peaks 1-5 for symmetrical complex 2, as well as f1-f5 (fac) and m1-m5 (mer) for the unsymmetrical complex 3). For complex 2, the CHI squared value decreased from 1.8 to 1.3 when multiplet peaks instead of one single peak were tted for the Mn 2p 3/2 photoelectron line, indicating a good t. The CHI squared value for unsymmetrical complex 3, also decreased further from 1.5 (where merely two main peaks for the fac and mer isomers were tted for complex 3) to a CHI squared value of 1.3, when also applying the multiplet splitting peak tting. The overall FWHM of the Mn 2p 3/2 photoelectron line when using multiplet splitting, decreased (from the original range of 3.9-6.2 eV, before applying any simulation, see Section 2.2.5) to a range of 1.4-1.8 eV, which is in the same order as was found for related free Mn ions: For example, the calculated Gupta and Sen multiplet splitting distribution for Mn 2+ 
XPS measurements
The X-ray photoelectron spectroscopic (XPS) analysis was carried out with a PHI 5000 Versaprobe, using monochromatic Al Ka X-ray radiation, with hn ¼ 1486.6 eV. The hemispherical analyser pass energy, used to record the high resolution spectra, was maintained at 29.35 eV for C 1s and O 1s, and at 93.90 eV for Mn 2p, S 2p, and F 1s, in order to obtain peaks with good resolution, using 1 eV per step. In order to acquire a neutral charge on the surface of the sample, a low energy electron beam was utilised. All the binding energies of the photoelectron spectra were referenced against the lowest binding energy of the C-C simulated adventitious C 1s photoelectron line, which was set at 284.8 eV. The XPS data was analysed, utilising the Multipak version 8.2c computer soware. 
DFT calculations
Density functional theory (DFT) calculations were conducted with the ADF (Amsterdam Density Functional) 2013 programme. 80 The GGA (Generalised Gradient Approximation) functional OLYP (Handy-Cohen and Lee-Yang-Parr),
81-84 a allelectron TZP (Triple z polarised) basis set, and spin-unrestricted open shell calculations were used for geometry optimisations. The OLYP functional proved to be a good choice for correctly calculating the ground state of high spin 3d metalcomplexes. 26, [85] [86] [87] [88] [89] To further support the reliability of the computational method used in this work, the S ¼ 1 (two unpaired electrons) and S ¼ 2 (four unpaired electrons) spin states of [Mn(acac) 3 ] as representative example of [Mn(bdiketonato) 3 ] complexes, were optimized using a selection of functionals, see Table 3 . These results indicate that the OLYP, B3LYP, CAM-B3LYP (B3LYP with long-range correction), M06-D3 (M06 with the Grimme empirical dispersion correction) and M065X functionals correctly predicted the experimental high state of S ¼ 2 of [Mn(acac) 3 ], in agreement with experimental EPR studies. 28 
Conclusions
A DFT study of the energy and character of the Frontier orbitals of [Mn(b-diketonato) 3 ] complexes shows that a highest occupied molecular orbital (HOMO) of mainly d z 2 character is responsible for the elongation of two Mn-ligand bonds along the z-direction.
[Mn(b-diketonato) 3 ] complexes containing an unsymmetrically substituted b-diketonato ligand, can have one fac and three mer bond stretch isomers. An XPS study of the Mn 2p core electron binding energies, provides insight into the inuence of the electronic environment caused by the electron donating/withdrawing properties of the b-diketonato ligands, on the binding energy strength. The main and satellite peaks of the Mn 2p XPS photoelectron lines were tted with multiplet splitting peaks, as calculated for the free Mn(III) ion by Gupta and Sen, as well as with satellite shake-up peaks, due to charge transfer. Two sets of multiplet splitting peaks, representing the mer and fac isomers, were simulated for the Mn 2p 3/2 photoelectron lines of those [Mn(b-diketonato) 3 ] complexes containing unsymmetrically substituted b-diketonato ligands. The relative intensity of the . In the latter complex 3, the peaks labelled m1-m5 above the spectra belong to the mer isomer, while the five components of the peaks labelled f1-f5 below the spectra, belong to the fac isomer. No multiplet splitting, or separate fac or mer peaks, were fitted to the satellite peak. satellite peak of both the Mn 2p signal of the metal and the F 1s signal in the ve uorine-containing ligands, is related to the amount of charge transferred between the b-diketonato ligands and the Mn III metal centre.
